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X-ray-scattering study of copper magnetism in nonsuperconducting PrBgCu;Og 9,
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X-ray magnetic scattering from ordered Cu spins has been observed in & hégimapound. The measure-
ments were made on the anomalous cuprate f&B#g o, With x-ray photon energies tuned in the vicinity of
the CuK edge. The high wave-vector resolution enabled us to observe an incommensurateQl@ibkpin
structure belowTp,=19 K that forms as a result of coupling between the magnetically ordered Cu and Pr
sublattices. Abovelp,, the Cu ordering is commensurate, ruling out static spin-charge stripe order as an
explanation for the absence of superconductivity in this material.

Magnetism in Cu-containing compounds has been inteningly important probe of magnetism. Particular strengths of
sively studied following the discovery of highs supercon- the technique includgj) element specificity, allowing mul-
ductivity in the layered cuprates. Many interesting and novetiple magnetic sublattices to be studied in a model-
phenomena involving Cu magnetism have subsequently beendependent mannekji) high reciprocal space resolution,
observed in other low dimensional architectures. Exampleand(iii) the ability to study very small volume samples. The
are quasi-one-dimensional spin chains, e.g., KCU@ef. 1) last of these is particularly useful in the study of new mate-
and SpCuQ;,? spin Peierls systems, e.g., CuGgband rials, for which high-quality samples are often small. In ad-
spin-ladder compounds, e.g.,,SiCu,.10,,.* The exis- dition, the relatively poor energy resolution means that in-
tence of unusual ground states in these systems is due to tetastic fluctuations are integrated, ensuring that the
low-spin state $=3) of the C#* ion which leads to strong quasielastic approximation is valid even in materials such as
guantum fluctuations. the highT. superconductors which have large energy

Until now, neutron scattering has been the only techniquecales.
available for studying the Cu spin structures in these materi- The ability to use x-ray magnetic scattering to examine
als. While this technique has important strengths, includinghovel cuprates would therefore be very valuable. To date,
the ability to study both static and dynamic fluctuationshowever, there have been no x-ray studies of Cu magnetism.
quantitatively, it also has limitations. For example, the neu-This is in part because tHeandM edges, which give large
tron scatters from all magnetic moments in the systemresonant enhancements in the x-ray magnetic scattering cross
which can lead to ambiguities when there are two or moresection and which have been utilized to such advantage in
magnetic species present, and large volume samples are dfie study of magnetism in rare earths and actinfd@sall
ten required. below ~1 keV for transition metal compounds. Moreover,

X-ray magnetic scattering is in many respects complethe nonresonant scattering, i.e., that far from an absorption
mentary to neutron scattering, and is becoming an increagdge, is weak.
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By utilizing a small resonant enhancement at tke (0.5,05,9)
edgé® we have now succeeded in observing Cu-site mag-
netic order, in the anomalous cuprate PiBaOg, .. Mag-
netic peaks on the order of 10 counts svere observed. The
results provide new insights into the magnetism of
PrBaCu;Og ., and open up a new and potentially impor-
tant window on cuprate magnetism.

PrBaCu;05 .« has attracted attention as the nonsupercon-
ducting member of the R)Ba,Cu;Og., Sseries, whereR
=Y or trivalent rare earth! Recent interest has centered on
the magnetism about which are a number of outstanding= ; | . ) (] %o ] 3
guestions that can only be addressed by a high resolution $%5s ii%i o ¥% [] ¢ 3’ []
element specific probe. These arise from the fact that it con- |
tains two magnetic sublattices, and from recent x-ray scatter- | 000
ing work which revealed the presence of an incommensurate 0000600000 00000000
modulation on the Pr sublatti¢é. This unusual ordering is or | . . . . . . . .
important because of the insight it provides into the nature of 8.96 8.97 8.98 8.99 9.00
this anomalous compound in relation to other members of Energy (keV)
the series. Specifically, PrB@u;Og., is antiferromagnetic
and nonsuperconducting for a| with the copper spins or- FIG. 1. I_ntensity of_ th€0.5,0.5,9 antiferromagnet_ic Bragg peak
dering atTy(x) = 250—350 K13-15 Eyrther, the Pr moments @S @ function of incident photon enerdglosed circles Open

order at very high temperature3£=10-19 K, depending circles: Cu fluorescence. Insét:scan through th€0.5,0.5,9 anti-
onx) relative to the other members, for Whidl,3;=0—2 K ferromagnetic Bragg point measured at the peak of the resonance.

These features, together with theoretical models for the sup’b—‘II data were taken a =20 K.

pression of superconductivity based on hybridization
schemes®!” have provoked a great deal of work on the mal, and mosaic spreads ©f0.05° [full width at half maxi-
magnetic ground states of this system. mum (FWHM)]. They were mounted such that peaks of the
The recently discovered incommensurate magnetism oform (h,h,I) were in the diffraction plane, though scans
the Pr sublattice raises new questions. The modulation isould be performed in arbitrary directions through such
static, with a wave vector (054,0.5,0) or (0.5,0.5 6,0), peaks.
6=0.006-0.008 r.l.u:>*® and is thus reminiscent of those |n order to observe the x-ray magnetic scattering from the
seen in  “214"  superconductors,  such  as Cy spin system, we followed the approach taken in recent
L&y 6 xNdosSCuQ,. In the 214 materials, these modula- work on NiO (Ref. 10 and searched for a resonant enhance-
tions have been associated with the suppression of SUpercogent in the scattering in the vicinity of the Ga edge. At
ductivity through the presence of stripe correlatiohs! 1_o0 k (i.e., aboveT,) a scan through thé0.5,0.5,9 an-
which raises the interesting possibility that, despite funda’tiferromagne{ic zone center revealed a sing'le resolution-
mental differences between the two systems, the sa Fited peak of about 6 counts % (inset to Fig. 1. The

mechgmsm may be active in PO 1 ° A crucial ._intensity of this reflection as the incident energy was tuned
question in such a scenario is whether the Cu site magnetis . -
rough the CWK edge is shown in Fig. 1. A small resonant

is also incommensurate. This question can only be answere .
definitively by the x-ray-scatte(rqing technique y enhancement of a factor e¥2-3 is observed at 8976 eV,

The high-resolution measurements reported here demoﬁi-bOUt 17 eV below the .p'eak in the fluorescence. Th|s en-
strate that the Cu spins in fact form a commensurate antife?@1¢ement, and the position of the resonance relative to the
romagnetic structure betwedn =275 K andTp,= 19 K, but pe_zak of the fluoregcence,_ are both s_|m|lar to fchat o_bserved in
that belowTp, & complex 2 magnetic structure appears on NiO and are consistent with magnetic scattering arising from
the Cu sublattice, with the same incommensurate modulatioft quadrupolar (4 3d) resonance. Note that the scattered
as the Pr sublattice. These results confirm that a strong coiptensity away from the resonance is nonzero, and thus we
pling between the Pr and Cu sublattices existand imply ~ believe we have also observed nonresonant magnetic scatter-
that the suppression of superconductivity in PiBa0g.,  ing from the Cu?® The asymmetry in the resonance line
does not arise from the stripe correlation mechanism. shape, apparent in Fig. 1, is then attributed to the interference

The present work was begun on the wiggler source, X2%etween the nonresonant and resonant scattering. Thus the
at the National Synchrotron Light Source, with the bulk of data of Fig. 1 are strongly suggestive of the observation of
the data being taken on the undulator source, ID20 at thg-ray magnetic scattering from a commensurate Cu sublat-
European Synchrotron Radiation Facility. This latter beam+ice.
line is comprised of a double bounce(Hil) monochro- There are, however, a number of other potential scattering
mator and two mirrors to provide focusing and harmonicmechanisms, which must be ruled out as the origin of the
rejection. A flux of 4x 102 photons s* was delivered in a  (0.5,0.5,9 scattering. One important test is to determine the
0.3x0.3 mm spot with an energy resolution of 1.2 eV at 9intensity variation withl, the component of the scattering
keV.?? The samples used were the same as those of Ref. 12ector along the axis. Scattering from the Cu spins on the
with oxygen contentx=0.92. They consist of small CuG, layers should show a sinusoidal variation wittaris-
(2—-4 mnt by 0.1 mm) platelets with ac-axis surface nor- ing from the presence of two CyQayers(i.e., a bilayey in

(£,0.5,9) °
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FIG. 2. Intensity of (0.5,0.5) peaks for a number dfvalues.

The solid line is the antiferromagnetically coupled bilayer magnetic ~ FIG. 3. Temperature dependence of the commensurate Cu scat-

structure factor sf{nzl), with z=0.3. The dashed line is the ferro- tering at(0.5,0.5,9. The line is a fit to a power law in order to

magnetically coupled structure factor, &a=l). estimate the ordering temperature. The reduction in intensity below

20 K is caused by the reorientation of the bilayer Cu spin structure

each unit cell. For an antiferromagnetically coupled bilayerinduced by the magnetic ordering of the Pr sublattice.

the intensity should vary as €iparzl) wherez s the fractional

Intﬁ'rc}:))l?er;?rtﬁiipgéité?]g.ence we measured the intensity of thshould then follow the structure factor for a ferromagneti-

(0.5,0.5]) Bragg peaks for a number dfvalues with the gally coupled bilayer, cGfmzl), which peaks atl=10

incident energy set to 8976 eV. The results of these measuréga}shed line, Fig. 2 We, therefore, performed scans n the
ments are shown in Fig. 2, along with the functior?éirzl), vicinity of the (0.5,0.5,10 antiferromagnetic Bragg point.

with z=0.3.!! Clearly, the observed scattering has the requi-A_n h scan through(0.5,0.5,19 IS shown in Fig. 4, tOQetheT
site behavior. with the same scan &4&=9. A single commensurate peak is

In addition, while in general complé¥,the polarization ©bserved at=9, whereas at=10 additional incommensu-

dependence of x-ray magnetic scattering at a quadrupol@t® peaks are observed at (8.5,0.5,10) with 6~0.007
resonance contains contributions which should rotate the lint.!-u. These measurements were made at the peak of the Cu
early polarized component of the photon by 90°. We have<-edge resonance, and therefore reflect almost entirely the
performed polarization analysis of the observed scatteringCu magnetisni?
utilizing a LiF crystal as a polarization analyzefgfagq These results enable us to propose a model for the
=43.3°). While the mosaic of this crystal was compromisedcoupled Pr-Cu magnetic structure. Defining thaxis to be
preventing quantitative polarization analysis, the results werghe direction of the Cu spins abovi,, we find that the
consistent with a significant rotated component to the scatsimplest structure consistent with the observed scattering is
tering. We conclude that the observed scattering abne in which the Pr moments rotate in tkez plane with
(0.5,0.51) is magnetic scattering from the Cu sublattice.  wave vector 0.5 § along eitheix (in which case they form a

We now discuss the behavior of the Cu site magnetism atycloid) or y (a spira). The Cu spins then oscillate harmoni-
temperatures above and beldW,. The peak shown in the cally in thex-y plane about the axis with the same wave
inset to Fig. 1 is commensurate and resolution limited, whichvector as the spiral. The Cu spins reach their maximum angle
puts a lower bound on the correlation length gf
=1/HWHM>750 A2 The temperature dependence of this
peak, as measured on resonance, is shown in Fig. 3. This
intensity is proportional to the square of the order parameter 45
and shows a Na temperature of=275 K, consistent with
previous measurementsFor all temperatures above 20 K
the scattering remains commensurate and resolution limited.

On further cooling, however, we find an abrupt change in
the copper scattering aip,. The intensity of thg0.5,0.5,9
reflection drops to approximately half its previous value,
with no change in the position or width, signaling that inten-
sity has been lost from the commensurate component. The
loss in intensity indicates an in-plane rotation of the Cu spins ’ 3 {g
due to coupling to the Pr magnetic ordering, as discussed
previously by Boothroyckt all® As the Pr ordering is now os| (=10 l
known to be incommensurate for SKI'<Tp,,*? it follows )
that the component of the Cu spins coupled to the Pr should
also be incommensurate, and from the proposed pseudodipo-
lar symmetry of the Pr-Cu couplififthe incommensurate FIG. 4. h scans through (0.5,01%, points atT=12 K: |=9
component of the Cu spins should be stacked ferromagnetiepen circley | =10 (closed circles Thel =9 data are offset ver-
cally along thec axis. The scattering from this component tically for clarity.
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4 e Cu nend is coupled antiferromagnetically between the two lay-
7{2% o rr ers of the bilayer, and the incommensurate compof(taety
componentis ferromagnetically coupled within the bilayer.
The significance of the work reported here lies in the fact
= = - that it demonstrates that the incommensurability is not a fun-
damental property of the Cu spin systésince it only ap-

@ @ @ @ @ @ pears belowTp,). This rules out the possibility that static
=o€ <o - & 5 S spin-charge stripe ordering of the type described in Ref. 19 is
4-02:—«2_ = M «g/_‘k ‘/‘ connected with the absence of superconductivity in
PrBaCu;Og .+ . While the true origin of the incommensura-
FIG. 5. Schematic drawing of the low-temperature incommen-bility remains unclear, a more likely explanation is frustra-
surate magnetic structure of PeaLOg,, (9 K<T<Tp=18 tion within the Pr-Pr and Pr-Cu couplings, the latter of which
K). Only the bilayer Cu and Pr atoms are shown for simplicity. Thetransmits the effect to the Cu sublattice ordering. A second
central Pr spins rotate in thez plane with a long period modula- possibility is that the incommensurate order in nonsupercon-
tion. For illustrative purposes a modulation with a wavelength of 24ducting PrBaCu;Og .,  is a property of the chains, since the
chemical unit cells is shown. In the real structure, the modulatiorobserved incommensurate ordering vector $080.5,0)
wavelength is~ 150 unit cells. The Pr spin structure is described by permits coupling of the Pr/Cu spin structure in the GuO
an ordering wave vector (0:56,0.5,0). The Cu spins form a |ayers to the Cu spins in the chains. In this context, it is
modulated antiferromagnetic structure which can be regarded aSifteresting that incommensurate dynamic fluctuations have
fan structure propagating along thedirection with adjacent Cu  paen observed on the chain sites in ¥35306+x-28’29
spins in the sequence almost, but not quite, antiparallel to one a'However, we note that no magnetic ordering of the Cu spins
other. Neighboring Cu spins in thedirection are exactly antipar- ., ye chains has been observed in our measurements to date,

allgl. In thez direction, thex components of nelghborlng spins are though we cannot rule out a small Cu ordered moment below
antiparallel but they components are parallel. This arrangement of . s
the level of the current experimental sensitivity.

Cu spins is described by two different orderi tors, : o -
SRS S FESEIeT oy D CITE St Orterie Wewe Veelors, one Finally, these studies illustrate the utility of x-ray mag-

(0.5, 0.5, 0 associated with the underlying antiferromagnetic struc- . T .
ture, and the other (0556,0.5,0) arising from the propagation of a net!c scattering in the St}de of Cu magnetism. The exc_ellent
twisting distortion in this antiferromagnetic structure along the '€CiProcal-space resolution enabled us to measure the incom-
direction. mensurate splitting which, because of the length of the pe-
riod, would not have been resolved by neutron diffraction,
and the ability to study the magnetic scattering from Cu in-
though we did not observe higher-order odd harmonics Wgependently OT that from Pr \(ia resonance effects was cruci_al
in understanding the coupling between the two magnetic

cannot rule out the possibility of "bunching” of the modu- sublattices. Thus these measurements point towards the use
lation since the intensities are weak. This model is a refine=- ) P

ment of that proposed in Ref. 15, and gives the same level iff x-ray magnetic scattering as a powerful, complementary

agreement with the neutron intensities. In the new model w eChr?'q“e to neutron scattering for the study of Cu magne-

find, fuey=0.55+0.03ug, = 0.6+ 0.05u5, and do=41 ism in many other interesting systems.
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